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Convergence of Signaling Pathways in the Control
of Differential Cell Growth in Arabidopsis
below the hook region so that the meristematic primor-
dia can be protected from damage during penetration
of soil (Harpham et al., 1991). The apical hook is formed
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by differential cell elongation on opposite sides of theThe Salk Institute for Biological Studies
hypocotyl, in which the rates of cell elongation on theLa Jolla, California 92037
outside of the hook are modulated differently than that2 Plant Science Institute
of cells inside the hook (Silk and Erickson, 1978). In theDepartment of Biology
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side, resulting in hypocotyl bending. Below the hook, the
growth rate of cells on the concave side of the hypocotyl
exceeds that of cells on the convex side, and the hypo-
Summary cotyl straightens.
A complex pattern of coordinated cell elongation is
Seedling apical hook development involves a complex needed to establish and maintain the apical hook struc-
interplay of hormones and light in the regulation of ture. The plant hormones ethylene and auxin play a
differential cell growth. However, the underlying mo- major role in this differential cell elongation process
lecular mechanisms that integrate these diverse sig- (Kang et al., 1967; Schwark and Bopp, 1993; Schwark
nals to control bending of the embryonic stem are and Schierle, 1992). In dark-grown seedlings, ethylene
poorly understood. The Arabidopsis ethylene-regu- exposure enhances apical hook curvature, causing cot-
lated HOOKLESS1 (HLS1) gene is essential for apical yledons to form a 270 bend relative to the hypocotyl
hook formation. Herein, we identify two auxin re- (Ecker, 1995). Mutants that are defective in ethylene
sponse regulators that act downstream of HLS1 to perception, e.g., etr1-1, ein2, ein3, etc., do not form
control cell elongation in the hypocotyl. Extragenic exaggerated hooks in response to ethylene treatment
suppressors of hls1 were identified as mutations in (Roman et al., 1995), whereas the constitutive ethylene
AUXIN RESPONSE FACTOR 2 (ARF2). The level of responsive mutant ctr1 develops exaggerated hooks
ARF2 protein was decreased by ethylene, and this re- even in the absence of ethylene (Guzman and Ecker,
sponse required HLS1. Exposure to light decreased 1990; Kieber et al., 1993). Ethylene production has also
HLS1 protein levels and evoked a concomitant in- been localized to the apical hook region in germinating
crease in ARF2 accumulation. These studies demon- seedlings (Goeschl et al., 1966; Taylor et al., 1988). The
strate that both ethylene and light signals affect differ- precursor to ethylene, 1-aminocyclopropane-1-carbox-
ential cell growth by acting through HLS1 to modulate ylic acid (ACC), is asymmetrically localized in cells of
the auxin response factors, pinpointing HLS1 as a key the apical hook in bean (Schwark and Bopp, 1993). Ex-
integrator of the signaling pathways that control hypo- pression of the gene encoding 1-aminocyclopropane-
cotyl bending. 1-carboxylate oxidase (ACO), the terminal enzyme in
ethylene biosynthesis, and its enzyme activity have also
been found to be higher on the concave side of the
Introduction apical hook than on the convex side (Peck et al., 1998).
Another ACO gene, AtACO2, is predominantly ex-
Unlike mobile animals, which can actively move to meet pressed on the convex side of the hook (Raz and Ecker,
their needs for nutrients and protection, plants alter their 1999). On the other hand, auxin, which stimulates cell
growth patterns in response to various environmental expansion to promote hypocotyl elongation, is also un-
changes. This kind of growth pattern change can result equally distributed in the apical hook (Schwark and
from differential growth, that is, asymmetric elongation Schierle, 1992). Inhibition of auxin transport disrupts
or division of cells within a tissue. Examples of differen- formation of the apical hook, suggesting that auxin
tial growth include phototropism in response to light, asymmetry or an asymmetry in the perception or re-
gravitropism in response to gravity, modification of api- sponse of cells to auxin may exist in the hypocotyl.
cal hook structures to ensure early seedling establish- Consistent with these observations, auxin mutants such
ment, and nastic movements of leaves (Firn and Digby, as axr1 (Lincoln et al., 1990), hls3/rooty (King et al.,
1980). One of the most studied differential growth pro- 1995), and yucca (Zhao et al., 2001) also lack normal
cesses in Arabidopsis is the formation and maintenance apical hooks. In addition to ethylene and auxin, light is
of an apical hook in dark-grown seedlings. Bending another critical regulator of apical hook development.
(180) of the embryonic stem (hypocotyl) at its apex, Opposite from apical hook formation and maintenance,
just below two seed leaves (cotyledons), results in the light of various wavelengths causes rapid apical hook
formation of an apical hook. The structure performs an opening (Liscum and Hangarter, 1993; Rubenstein,
important biological function, as it places the cotyledons 1971), which is part of the photomorphogenesis pro-
cess. All constitutive photomorphogenesis mutants
(cop/det/fus) completely lack apical hooks (Chory and*Correspondence: ecker@salk.edu
Peto, 1990; Hou et al., 1993; Kwok et al., 1996). These3 Present address: Department of Genetics, North Carolina State
University, Raleigh, North Carolina 27695. studies suggest that differential cell elongation in the
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apical hook is established and maintained by an inter- a genetic screen for hookless1 extragenic suppressors.
play of ethylene and auxin, while it is suppressed by Because ethylene treatment enhances apical hook for-
light. However, little is known about the underlying mo- mation in dark-grown seedlings, we screened F2 popu-
lecular mechanisms that integrate these diverse signals lations from ethylmethanesulfonate (EMS)-treated hls1-1
in the formation, maintenance, and opening of the hook. seedlings for ethylene-dependent restoration of apical
Since this structure is not essential for viability, it pro- hook formation. Three putative suppressor mutants
vides a useful model for dissecting the mechanisms (hss) that partially reversed the hookless phenotype of
of signal integration that plants use to coordinate cell hls1-1 were identified. The mutant suppressors, desig-
elongation in response to endogenous growth regula- nated as hss1-3, hss4-7, and hss15-1, each displayed
tors and light. significant differential growth in the apical region of the
HOOKLESS1 is a key regulator that has been pro- hypocotyl, resulting in a partial hook structure, interme-
posed to integrate ethylene and auxin signaling path- diate between that of hls1-1 and wild-type seedlings
ways during apical hook formation of Arabidopsis seed- (Figure 1A). Genetic analysis revealed that these three
lings (Lehman et al., 1996). The level of HLS1 mRNA is independently isolated suppressors were recessive to
increased by ethylene, and this gene has been proposed hls1-1 mutant and were alleles of the same gene. There-
to be a key downstream target of ethylene-dependent fore, they were renamed as hss1-1, hss1-2, and hss1-3.
transcriptional regulators (Fujimoto et al., 2000; Lehman In addition to partial suppression of the hypocotyl
et al., 1996). Plants that lack HOOKLESS1 are unable to phenotype, the hss1 mutations also suppressed the long
maintain an apical hook despite normal responses to cotyledon and pale green leaf phenotypes of hls1-1 (Fig-
ethylene in other tissues, whereas transgenic plants that ures 1D and 1B). Furthermore, while hls1-1 plants on
overexpress HLS1 develop an exaggerated differential average bolted a week earlier than wild-type, the hss1
growth (hook curvature) in the absence of ethylene (Leh- hls1 double mutants flowered at about the same time
man et al., 1996). Thus, HLS1 is required for hook forma- as or even later than wild-type (Figure 1E). The double
tion and is sufficient to induce enhanced hook curvature mutants also had more rosette leaves compared to wild-
in the absence of exogenous ethylene. In addition, the type at the time of bolting (Figure 1F). In addition to the
absence of HOOKLESS1 leads to abnormal auxin-regu- above phenotypes, the hss1 mutant plants were partially
lated gene expression in the cotyledons and apical re- sterile (Figure 1C) due to delayed stamen filament elon-
gion of the hypocotyl. In hls1 mutants, the cotyledon gation and anthesis. These observations suggest that
cells enlarge to twice their normal size, and the cells that the hss1 mutations act to suppress the majority of hls1-1
lie where the apical hook would normally form become mutant phenotypes.
highly elongated. These studies suggest that HLS1 is
required to prevent auxin-induced cell expansion in the HSS1 Encodes an Auxin Response Transcription
cotyledon and apical region of the hypocotyl. Moreover, Factor, ARF2
hls1 is also allelic to the putative photomorphogenic
Using a PCR-based mapping approach, the hss1 muta-
mutant cop3 (Hou et al., 1993). The fact that hls1/cop3
tions were fine mapped to a 100 kb interval at the bottom
was found to be epistatic to previously characterized
of chromosome V, between two cleaved amplified poly-phytochrome-deficient mutations suggests that HLS1/
morphism sequence (CAPS) markers, K22G18.12 andCOP3 might also act downstream of phytochrome in
MTG10.6 (Figure 2A). In this region, two adjacent openlight-regulated seedling development. While it is known
reading frames were annotated as “auxin response fac-that HLS1 encodes a putative N-acetyltransferase, the
tor-like protein” (At5g62000) and “ARF1 binding protein”biochemical processes by which HLS1 affects auxin re-
(At5g62010) (The Arabidopsis Genome Initiative, 2000).sponses in differential cell elongation of the apical hook
However, these two genes are, in fact, part of a singleare not understood.
gene called AUXIN RESPONSE FACTOR 2 (ARF2) (Ul-Here, we report the identification of a mutation (HLS1
masov et al., 1999b). Sequencing of ARF2 genomic DNAsuppressor [hss1]) that reverses many of the develop-
in wild-type and all three hss1 alleles revealed that eachmental phenotypes observed in hls1 plants. HSS1 en-
contained a mutation within the ARF2 open reading frame.codes an auxin response transcription factor, ARF2, that
hss1-1 contained a G to A mutation in the eleventh exon,is essential in regulating differential cell elongation and
resulting in a premature stop codon (Figure 2B). hss1-2apical hook formation downstream of HLS1. ARF2 pro-
contained a G to A change immediately before the sametein accumulation was found to be negatively regulated
exon, which is predicted to alter the splice site, causingby ethylene in a HLS1-dependent manner. Moreover,
early termination of the ARF2 protein. The hss1-3 muta-light modulates the level of ARF2 by controlling the
tion contained a C to T change, introducing a prematureabundance of HLS1. Therefore, the HLS1-dependent
stop codon at the beginning of the sixth exon. Theseregulation of ARF2 accumulation represents a key link
findings indicated that HSS1 encodes the ARF2 protein.that integrates ethylene and light signaling with auxin-
Therefore, we renamed these hss1 mutations arf2-1,mediated differential cell elongation processes.
arf2-2, and arf2-3 (Figures 2B and 2C). Two T-DNA inser-
tion alleles of ARF2, designated as arf2-4 and arf2-5,Results
were also identified from the Salk collection of sequence-
indexed T-DNA insertion mutants (http://signal.salk.edu)The hookless1 suppressor hss1 Reverses Multiple
(Alonso et al., 2003). Similar to the three EMS mutagen-Phenotypes of hls1
ized hss1 mutant alleles, the arf2-5 allele (SALK_041472),To better understand the role of HLS1 in regulating dif-
ferential growth in the hypocotyl hook, we carried out which contains a T-DNA insertion in the eleventh exon
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Figure 1. Suppression of hls1 Phenotypes by hss1
(A) hss1 mutations restore the bending of the hypocotyl in hls1-1 mutants. Apical hook curvature of 3-day-old etiolated seedlings grown in
the presence (lower) or absence (upper) of 10 M ACC. Scale bar, 1 mm.
(B) Among 4-week-old plants, hls1-1 plants are pale yellow in color and have smaller rosettes compared to wild-type (Col). hss1 hls1-1 double
mutants are indistinguishable from the Col plants.
(C) Six-week-old plants show that hls1-1 plants initiate flowering earlier than Col. hss1 hls1-1 double mutant plants flower late and are
semisterile. Lower panel shows part of an inflorescence stem from each plant.
(D) hss1 hls1-1 double mutants have shorter cotyledon length compared to hls1-1. Cotyledon lengths of 3-day-old dark-grown seedlings
grown in air and 10 M ACC were measured. Standard deviations are indicated by error bars. n  30.
(E) hss1 mutations suppress the early flowering phenotype of the hls1-1 mutant. The number of days prior to bolting was scored. Plants were
grown under long-day conditions (16 hr of light and 8 hr of dark). Standard deviations are indicated by error bars. n  16.
(F) hss1 hls1-1 double mutants have more rosette leaves than Col and hls1-1 mutants. The number of rosette leaves was scored at the time
of bolting. Standard deviations are indicated by error bars. n  16.
of the gene, was also able to suppress the hls1-1 mutant ARF2 Is Expressed in the Cotyledons and Apical
Portion of the Hypocotyls in Bothphenotype. Furthermore, a full-length ARF2 cDNA (Gen-
Bank accession number AF378862) (Yamada et al., 2003) Dark- and Light-Grown Seedlings
Previous studies have shown that ARF2 transcripts canwas able to fully complement the mutant phenotypes
observed in the hss1-3 hls1-1 double mutant (Figure 2D). be detected in all major plant organs, including roots,
Developmental Cell
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Figure 2. Positional Cloning and Expression Analysis of the hls1 Suppressor Gene HSS1
(A) Mapping of the hss1 mutations. hss1 mutations were fine mapped to the bottom of chromosome V, between two CAPS markers, K22G18.12
and MTG10.6.
(B) Sequencing of the ARF2 genomic DNA in hss1 mutants revealed that HSS1 encodes AUXIN RESPONSE FACTOR 2 (ARF2). Exons are
indicated as blocks. Mutations for each arf2 allele are indicated. Mutations marked by triangles are T-DNA insertion alleles of ARF2.
(C) Predicted protein sequence of the ARF2 auxin response factor and positions of the arf2 mutations.
(D) Complementation of hss1-3 mutation by expression of full-length ARF2 cDNA.
(E) Analysis of ARF2 expression in seedlings. In situ hybridization of ARF2 RNA in tissue sections of 3-day-old Col and hls1 mutant was
performed as described in the Experimental Procedures. (Ea) Col cotyledon sections hybridized with an RNA probe generated from empty
vector. (Eb) Etiolated Columbia wild-type seedlings hybridized with ARF2 antisense RNA. (Ec) hls1-1 mutant and (Ed) etiolated Col seedlings
exposed to white light for 4 days.
(F) Expression patterns of the pARF2::GUS:ARF2 reporter gene. Transgenic seedlings expressing pARF2::GUS:ARF2 were stained for GUS
activity. (Fa) and (Fb) show etiolated Columbia wild-type seedlings grown in MS media for 3 days. (Fc) and (Fd) show 3-day-old etiolated
hls1-1 mutant seedlings. (Fe) Three-day-old etiolated Col seedlings were transferred to white light for 4 days and then stained for GUS activity.
rosette and cauline leaves, flowers, siliques, and sus- A translational fusion of the -glucuronidase (GUS)
reporter gene with the ARF2 coding sequence underpension culture cells of Arabidopsis (Ulmasov et al.,
1999b). In order to examine the specific spatial and the control of the native ARF2 promoter was generated.
The GUS:ARF2 fusion protein was able to complementtemporal expression patterns of ARF2 mRNA during and
after hook formation, in situ hybridization of ARF2 RNA the phenotypes observed in the arf2 mutant. Consistent
with the results from in situ RNA hybridization, histo-in tissue sections of etiolated wild-type seedlings was
performed. ARF2 mRNA was found to be present in the chemical staining of transgenic seedlings expressing
pARF2::GUS:ARF2 in wild-type, hls1 mutant, and light-apical hook region of etiolated seedlings, as well as in
the cotyledons, leaf primordia, and other parts of the grown wild-type seedlings revealed that the ARF2 pro-
tein was mainly expressed in the apical portion of thehypocotyl (Figure 2Eb), similar to the expression pat-
terns of HLS1 mRNA (Lehman et al., 1996). ARF2 also hypocotyl and in the cotyledons, and these patterns
were not affected by the hls1-1 mutation or exposureshowed expression in the cotyledons and the hypocotyl
after hook opening upon exposure of etiolated seedlings to light (Figure 2F). Interestingly, the intensity of GUS
staining in etiolated hls1 mutants and in wild-type seed-to light (Figure 2Ed). The in situ localization of ARF2
mRNA in hls1-1 mutants also revealed that the expres- lings exposed to light was higher than that observed in
etiolated wild-type seedlings (Figure 2F), suggestingsion patterns of ARF2 in cotyledons and hypocotyl were
not affected by the hls1-1 mutation (Figure 2Ec). that the level of GUS:ARF2 protein may be regulated by
Intersection of Plant Signaling Pathways
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Figure 3. The Effect of Ethylene on ARF2 Protein Accumulation
(A) hls1 plants have higher ARF2 protein levels compared to Col seedlings. Etiolated seedlings were grown on MS media for 3 days. Total
protein extracts were subjected to immunoblot with anti-ARF2 and anti-HLS1 antibodies. After stripping, the same membrane was reprobed
with anti-CRY1 (Arabidopsis Cryptochrome 1) antibodies as loading control.
(B) Ethylene treatment decreases ARF2 protein levels in Col seedlings but not in the hls1-1 mutant. Etiolated seedlings of Col and hls1-1 were
grown on MS media in the air for 3 days and subsequently treated with ethylene gas (10 ppm) for the indicated duration of time. Total protein
extracts were subjected to immunoblot assays. Immunoreactivity of ARF2 and HLS1 was quantified relative to the maximum value for each
blot after normalization to CRY1.
(C) MG132, an inhibitor of proteasome-dependent protein degradation, prevents the decrease of ARF2 protein levels in seedlings treated with
the ethylene precursor ACC. Etiolated seedlings of Col were grown on MS media for 3 days and then treated with 10 M ACC plus mock
(1% DMSO) or MG132 (50 M) for the indicated duration of time.
HLS1 functions. The GUS:ARF2 protein was also de- the transgenic expression of pARF2::GUS:ARF2 in wild-
type and hls1-1 mutant, the level of ARF2 protein wastected in roots, but its expression was undetectable in
the lower portion of the hypocotyl. increased in the hls1-1 mutant (Figure 3A), which con-
tains a missense mutation that disrupts HLS1 function.
Transgenic seedlings that overexpress HLS1 haveARF2 Protein Accumulation Is Negatively
slightly lower ARF2 protein levels than that observed inRegulated by Ethylene in a HOOKLESS1-
wild-type. These results suggest that, during differentialDependent Manner
growth in the apical hook, ARF2 accumulation is nega-Since neither expression patterns nor transcription lev-
tively controlled by HLS1.els of ARF2 (data not shown) were affected by the loss
Since the level of HLS1 transcription is increased byof HLS1 function, we further monitored the level of ARF2
ethylene (Lehman et al., 1996), we further investigatedprotein in wild-type, hls1 mutant, and plants that overex-
the effect of this hormone on the accumulation of HLS1pressed HLS1. Polyclonal antibodies that specifically
and the ARF2 proteins. Consistent with the previousrecognize the ARF2 protein were generated (Figure 3A).
findings for RNA expression, the level of HLS1 proteinImmunoblot analysis was used to detect ARF2 protein
levels in 3-day-old etiolated seedlings. Consistent with was increased in response to ethylene treatment (Figure
Developmental Cell
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3B). In contrast, the level of ARF2 protein was decreased transcription of auxin-responsive GUS reporter genes
in transfected carrot protoplasts (Tiwari et al., 2003). Inupon exposure to ethylene. Moreover, this decrease
coincided with the accumulation of HLS1 protein. Inter- addition, hls1 mutants have altered auxin response gene
expression patterns (Lehman et al., 1996). To furtherestingly, in the hls1-1 mutant, the level of nonfunctional
hls1-1 protein was also increased during ethylene treat- investigate the role of ARF2 in auxin responses in etio-
lated seedlings, the effect of the arf2 mutation on thement, but the amount of ARF2 protein remained the
same (Figure 3B), suggesting that repression of accumu- expression of auxin-responsive genes was examined.
Transgenic plants expressing an auxin-regulated re-lation of the ARF2 protein by ethylene is dependent on
the functional HLS1 protein. porter, DR5::GUS, were crossed to hls1-1 and to the
arf2-3 hls1-1 double mutant. Tissue expression patternsWe then sought to determine whether the observed
decrease of the ARF2 protein levels upon ethylene treat- for the reporter gene were examined in the segregating
progeny, including plants with the following genotypes:ment was dependent upon a functional proteasome.
Immunoblot analyses of etiolated seedlings that were wild-type, hls1-1, arf2-3 hls1-1, and arf2-3 alone.
DR5::GUS is a highly active synthetic transcriptionaltreated with ACC with or without MG132, a specific
inhibitor of the proteasome-dependent protein degrada- reporter designed to monitor gene expression in re-
sponse to auxin treatment (Ulmasov et al., 1997). In dark-tion, revealed that MG132 suppressed the ethylene-
dependent decrease in ARF2 protein levels (Figure 3C). grown wild-type seedlings, DR5::GUS was only ex-
pressed within cells located at the concave side of theThese results strongly suggest that ethylene-mediated
degradation of the ARF2 protein is via a proteasome- hypocotyl hook (Figure 5), and the level of expression
was enhanced by ethylene treatment. However, the ex-dependent pathway.
Light stimulates apical hook opening in Arabidopsis pression level in the cotyledon was highly variable. In
hls1-1 mutants, this highly localized expression patternseedlings. Dark-grown seedlings open their hooks
within minutes of exposure to light (Liscum and Han- was completely abolished (Figure 5). Interestingly, the
arf2-3 mutation partially restored DR5::GUS expressiongarter, 1993; Rubenstein, 1971). Since the hls1 mutant
displays a subset of constitutive photomorphogenic within cells located on the concave side of the hook
in the arf2-3 hls1-1 double mutant in the presence ofphenotypes, including hook opening in dark (Hou et al.,
1993), we monitored the protein levels for HLS1 and ethylene. However, arf2-3 had no effect on the expres-
sion pattern of DR5::GUS in wild-type plants. Since hls1ARF2 in response to light. Immunoblot analyses re-
vealed that the level of HLS1 protein was decreased mutant plants accumulate the ARF2 protein to higher
levels than wild-type (Figure 3A), ARF2 appears to act asupon light exposure, even in the presence of the ethyl-
ene precursor ACC (Figure 4A). Accordingly, the level a transcriptional repressor of the DR5 synthetic reporter.
Loss of ARF2 results in the spatially restricted activationof ARF2 was increased in wild-type seedlings but was
not affected in hls1-1 mutant upon exposure to light of DR5::GUS expression, therefore partially restoring the
proper pattern of DR5::GUS gene expression within cells(Figure 4A). These results further confirm the negative
correlation between the HLS1 and ARF2 protein levels, located on the inner side of the apical hook.
indicating that HLS1 regulates (directly or indirectly)
ARF2 accumulation. Moreover, when transgenic seed- ARF2 Is a Negative Regulator
lings overexpressing HLS1 were exposed to light, the of Differential Growth
level of ARF2 protein remained low until the HLS1 protein Loss of the ARF2 gene function restored ethylene-
accumulation decreased dramatically after 3 days of dependent bending of the hypocotyl in hls1 plants (Fig-
light exposure (Figure 4B). These results suggest that ure 1A), suggesting that ARF2 participates in the HLS1-
light controls ARF2 accumulation by decreasing HLS1 dependent differential growth. To further explore the
abundance. role of ARF2 in apical hook formation and maintenance,
Finally, since ethylene can alter the accumulation of we examined the effect of the arf2 mutation on differen-
auxin in plant tissues (Abeles, 1966; Lee et al., 1990), tial cell elongation in wild-type seedlings. The arf2-3
we also examined whether the level of ARF2 accumula- mutation introduces a premature stop codon in the DNA
tion was affected by treatment with auxin. Our studies binding domain of ARF2, resulting in a truncated protein
show that ARF2 protein levels were unchanged by treat- of less than 200 amino acids. Immunoblot analysis failed
ment with various concentrations of auxin (Figure 4C), to detect any ARF2 protein in the arf2-3 mutant (Figure
while auxin-inducible IAA1 mRNA was increased signifi- 3A). When this mutation was separated from hls1-1 by
cantly by the same auxin treatment. These results sug- backcross to wild-type plants, the arf2-3 single mutant
gest that the abundance of the ARF2 is not mediated plants did not exhibit any visible defects in apical hook
by an indirect effect of ethylene on auxin levels. formation or maintenance in the dark (Figure 6C). How-
ever, at later stages of plant development, arf2-3 mu-
tants displayed several adult phenotypes, including de-ARF2 Regulates Auxin Response
Gene Expression layed flowering time, agravitropic stems, dark green
leaves, and partial sterility (data not shown). IdenticalARF2 belongs to a large family of transcription factors
that can bind to auxin-responsive elements (AuxREs) in phenotypes were also observed in the arf2-1 and arf2-2
alleles, as well as in the T-DNA insertion allele arf2-5.the promoters of many auxin-regulated genes, e.g.,
AUX/IAA, GH3, and SAUR (Hagen and Guilfoyle, 2002). There are 23 auxin response factor (ARF) genes in
the Arabidopsis genome (Hagen and Guilfoyle, 2002;Previous in vitro binding studies have shown that ARF2
can bind to a synthetic auxin response element (Ulma- Liscum and Reed, 2002). Among them, the most closely
related ARF, ARF1, may act redundantly with ARF2 insov et al., 1999b), and the ARF2 binding can repress
Intersection of Plant Signaling Pathways
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Figure 4. The Effect of Light and Auxin on ARF2 Protein Levels
(A) Upon light exposure, ARF2 protein levels increase, whereas HLS1 levels decrease. Etiolated seedlings of Col and hls1-1 were grown on
MS media for 3 days and subsequently transferred to white light for the indicated duration of time. Total protein extracts were subjected to
immunoblot assays.
(B) ARF2 protein levels increase much more slowly in HLS1ox seedlings exposed to light. Etiolated seedlings of HLS1ox were grown on MS
media for 3 days and transferred to white light for the indicated duration of time.
(C) Auxin does not affect ARF2 protein levels in Col. Etiolated seedlings of Col were grown on MS media for 3 days and then treated with
indole-3-acetic acid (IAA) at indicated concentrations for 4 hr. Control seedlings were mock treated with the same amount of ethanol. Total
RNA was extracted from IAA-treated seedlings. The approximate levels of IAA1 mRNA were determined by semiquantitative RT-PCR. The
levels of Tubulin mRNA were used as control for total RNA input.
the regulation of the differential growth of the apical growth in the hypocotyl. Moreover, the arf1 arf2-3 dou-
ble mutant displayed more severe adult phenotypeshook. Therefore, we isolated a T-DNA insertion mutant
(SALK_027821) in the ARF1 gene, which has also been than the arf2 mutant alone, and these plants were com-
pletely sterile (data not shown). Although, in the latershown to function as a transcription repressor (Tiwari
et al., 2003; Ulmasov et al., 1999a). The T-DNA insertion stages of the development, the arf1 arf2-3 hls1-1 triple
mutant has more severe phenotypes than the arf2-3in ARF1 was located within the fourth intron (Figure 6A).
Northern blot analysis showed that there was no wild- hls1-1 double mutant, the two mutants are indistinguish-
able in that they both display partial hook bending intype RNA transcript for the ARF1 gene detectable in this
mutant allele (Figure 6B), indicating that arf1 is a loss- response to ethylene in the dark (Figure 6D).
To confirm the observation that ARF2 plays an impor-of-function mutant. The arf1 mutant alone did not show
any obvious phenotypes in either differential growth tant role in apical hook formation and maintenance, we
analyzed transgenic plants overexpressing the ARF2(Figure 6C) or any other aspects of plant growth and
development that were examined. Unlike arf2, arf1 was full-length cDNA in wild-type and hls1-1 plants. Approxi-
mately 80% of the transgenic lines, both in wild-typeunable to suppress hls1 mutant phenotypes (Figure 6D).
However, air-grown etiolated arf1 arf2-3 showed exag- and hls1-1 background, showed cosuppression of the
ARF2 gene, resulting in phenotypes similar to the loss ofgerated hook curvature similar to that of the transgenic
seedlings overexpressing HLS1 gene (Figure 6C). These ARF2/HSS in wild-type and hls1-1 mutant, respectively.
However, among the remaining 20% of the transgenicresults suggest that ARF2 and ARF1 function as partially
redundant negative regulators in controlling differential lines that were not silenced, the higher level of ARF2
Developmental Cell
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Figure 5. The Effect of arf2 on the Expression
of an Auxin-Responsive Reporter Gene,
DR5::GUS
Three-day-old etiolated seedlings expressing
auxin-responsive reporter gene DR5::GUS in
various genetic backgrounds were grown on
MS media with or without 10 M ACC. Ex-
pression patterns of DR5::GUS reporter gene
in apical hooks of Col, hls1-1, arf2-3 hls1-1,
and arf2-3 seedlings were analyzed by GUS
staining. Scale bar, 1 mm.
protein in wild-type was correlated with a significant which may be a crucial point of convergence for control-
ling differential cell growth.degree of hook opening in response to ethylene (Figure
6E), similar to the weak hls1-32 allele. On the contrary,
overexpressing ARF2 did not exhibit any effect on the ARF2 Protein Accumulation Is Negatively
hookless phenotype in the hls1 plants (Figure 6E). These Regulated by HLS1
results further support our findings that ARF2 is a nega- In this study, we have found that the transcription level
tive regulator of differential growth in the hypocotyl and of ARF2 was not affected by either auxin or ethylene
that its function is dependent on HLS1. treatment. However, ethylene was observed to suppress
accumulation of the ARF2 protein. This demonstrates
the regulation of an auxin response factor at the proteinDiscussion
level. Interestingly, the decrease of the ARF2 protein by
ethylene is dependent on HLS1 function, and inductionWe have identified an auxin response transcription fac-
tor, ARF2, that acts downstream of HLS1 in differential of HLS1 transcription in ethylene-treated dark-grown
seedlings coincides with the decrease in ARF2 proteingrowth of the apical hook that is influenced by ethylene
and light. Together with earlier findings that the ethylene levels in seedlings. Since MG132, an inhibitor of the
proteasome-dependent protein degradation, can pre-response gene HLS1 is required for the differential cell
elongation in the Arabidopsis hypocotyls (Harper et al., vent the reduction of ARF2 proteins caused by ethylene,
these results suggest that HLS1 may act to promote2000; Lehman et al., 1996), our studies support a model
in which differential cell elongation that is affected by degradation of the ARF2 protein. Previous studies have
shown that ethylene can influence auxin transportethylene or light is mediated by regulation of an auxin
response transcription factor, ARF2, in a HLS1-depen- (Abeles, 1966; Lee et al., 1990). Alterations in local auxin
concentrations as a result of ethylene-dependent changesdent manner (Figure 7). Thus, HLS1 provides a direct link
between ethylene, light, and auxin response pathways, in auxin transport could result in changes in the activity
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Figure 6. Analysis of ARF2 Functions in Dif-
ferential Growth of the Apical Hook
(A) Genomic structure of the ARF1 gene and
the T-DNA insertion site in the arf1 mutant.
Exons are indicated as blocks. T-DNA inser-
tion is indicated as the triangle.
(B) Northern analysis of ARF1 expression in
arf1 mutant. Total RNA (30 g) from 4-week-
old Columbia wild-type and homozygous arf1
mutant plants was loaded per lane. The blot
was probed with the ARF1 genomic DNA
fragment.
(C) arf1 arf2-3 double mutant has exagger-
ated hook in the absence of ACC, a pheno-
type similar to that of HLS1 overexpression
plants HLS1ox. arf1 and arf2-3 single mutants
show normal hook curvature in air. All seed-
lings were grown on MS media without ACC
for 3 days. Apical hook curvatures of these
seedlings were photographed and quantified,
with hookless seedlings having a designation
of 0 hook angle. n  30.
(D) Mutation in ARF1 alone can not suppress
the hookless phenotype of the hls1-1 mutant.
All seedlings were grown on MS media plus
10 M ACC for 3 days.
(E) ARF2 overexpression induces hook open-
ing in ACC-treated etiolated seedlings but
does not have any effect on the hls1-1 mutant
phenotypes. hls1-32 is a weak hls1 mutant
allele. All seedlings were grown on MS media
plus 10 M ACC for 3 days.
of auxin response factors. However, our data have HLS1 protein. However, the acetylation assay may re-
quire additional cofactors/subunits. Alternatively, HLS1shown that auxin does not directly affect the protein
level of ARF2. These results suggest that destabilization may modify components in the protein degradation ma-
chinery, as was recently found for the enzyme O-GlcNAcof ARF2 protein by ethylene is not due to the change
in auxin concentration in the hypocotyl. Therefore, the transferase (OGT) (Zhang et al., 2003), which indirectly
affects the stability of transcription factor Sp1 and adegradation of ARF2 protein that is mediated by HLS1
is likely to be independent of the effect of ethylene on hydrophobic peptide by endogenous modification of the
26S proteasome.auxin transport or redistribution.
HLS1 encodes a putative N-acetyltransferase, a class
of enzymes that catalyze the transfer of an acetyl group Integration of Ethylene, Light, and Auxin Signaling
in Differential Growth in Seedlingsfrom acetyl coenzyme to the NH2 group of proteins,
peptides, or small molecules. N-terminal acetylation is The apical hook persists only when seedlings are grown
in darkness. Light promotes the hook opening oppositeone of the most common protein modifications; between
50% and 90% of all eukaryotic proteins are N-terminally to the effect of ethylene on apical hook development.
The fact that the hls1 mutant displays constitutive hookacetylated (Kendall et al., 1990). Acetylation has been
shown to affect the turnover rate of certain proteins opening phenotypes suggests that, in addition to regu-
lating apical hook formation in response to ethylene,(Hershko et al., 1984). It is possible that HLS1 may acet-
ylate ARF2 to promote its degradation. However, we HLS1 also functions to repress hook opening in the dark.
While transcription of HLS1 in etiolated seedlings is in-were not able to detect any interaction between HLS1
and ARF2 proteins in a yeast two-hybrid system. We duced by ethylene treatment, the level of the HLS1 pro-
tein is decreased upon light exposure. These findingswere also unable to detect the in vitro acetylation of





For apical hook examination, etiolated seedlings were grown in the
dark at 24C on Murashige and Skoog (MS) media (Murashige and
Skoog, 1962) containing 1% (w/v) sucrose and 0.8% (w/v) agar with
or without 10 M ACC for 3 days. Seeds were surface sterilized,
plated, and cold treated for 3–4 days at 4C before being placed
into the growth chamber.
Mutagenesis
Freshly harvested hls1-1 seeds, Columbia accession, were muta-
genized by EMS as described (Lightner and Caspar, 1998). M2 seeds
were plated on MS media containing 10 M ACC and grown in the
dark for 3 days. Seedlings were screened for the presence of hook
Figure 7. Model for Integration of Ethylene, Auxin, and Light Signal- bending as an indication of the suppression of hls1 mutant pheno-
ing in Differential Growth of the Seedling Hypocotyl types. Suppressors of hls1 were isolated as the hls1 hss double
mutants and were backcrossed to hls1-1 at least twice. ProgenyAn asymmetric auxin distribution in hook tissues is proposed to
from complementation crosses were examined in the F1 generation.cause differential auxin responses in the region, resulting in asym-
metric cell elongation of the hypocotyl and formation of the apical
Measurementshook structure. Ethylene enhances apical hook bending through
The lengths of the cotyledons were measured in 3-day-old etiolatedactivation of HLS1 transcription. One of the roles for HLS1 is to
seedlings grown in the presence and absence of ACC. Images ofinhibit the function of the auxin response factor ARF2, a negative
the seedlings were scanned, and cotyledon lengths were measuredregulator of the differential auxin response in apical hook, leading
using NIH Image 1.62 software.to enhanced differential growth and exaggerated hook curvature.
In contrast to ethylene, light disrupts the differential auxin responses
in hook tissues by decreasing HLS1 abundance. Subsequently, Fine Mapping of hss1 Mutations
ARF2 protein levels increase, and the hook opens. A recombinant mapping population was generated by crossing the
hss1-3 hls1-1 double mutant in Columbia ecotype to the hls1-28
allele in Landsberg erecta. Seedlings that displayed partial hook
bending in the presence of ACC were selected from the F2 progeny
and photomorphogenic responses. Moreover, light acts as the recombinant hss1-3 hls1. Genomic DNA from 520 of such F2
plants were prepared for PCR-based mapping using simple se-to promote apical hook opening by decreasing the level
quence length polymorphism (SSLP) (Bell and Ecker, 1994) andof HLS1, whereas ethylene enhances hook formation
CAPS markers (Konieczny and Ausubel, 1993).by increasing HLS1 levels (Figure 7). Therefore, HLS1
serves as a central “integrator” of ethylene, auxin, and
Identification of Mutations in the hss1 Mutants
light signaling pathways in differential cell elongation in A 5 kb genomic fragment corresponding to the At5g62000 and
the hypocotyl. HLS1-dependent regulation of ARF2 is At5g62010 open reading frames was PCR amplified and sequenced
at the convergence of ethylene, light, and auxin signaling for point mutations in the region. Sequence alignments and amino
acid sequence predictions were performed using the Sequenchernetworks, leading to apical hook formation, mainte-
4.0 software (Gene Codes Corp., Ann Arbor, MI).nance, and opening in Arabidopsis seedlings.
The finding that ethylene enhances the asymmetric
Identification of Single, Double, and Triple Mutants/
auxin sensitivity is consistent with the suppression of Transgenic Plants
the nph4 mutant phenotypes by ethylene (Harper et al., PCR-based markers that were able to detect single nucleotide poly-
2000). The nph4 mutant exhibits not only disrupted hy- morphisms were generated for both arf2 and hls1-1. To separate
the arf2 suppressor mutations from hls1, each of the arf2 hls1-1pocotyl and root phototropism but also impaired hypo-
suppressor mutants was backcrossed to wild-type (Col-0). The ho-cotyl gravitropism and apical hook maintenance. NPH4
mozygous arf2 single mutants were obtained from the F2 populationencodes an auxin response factor, ARF7. Interestingly,
by identifying plants with the arf2/arf2 HLS1/HLS1 genotype. To
ethylene also suppresses the multiple phenotypes genotype the arf1 mutant, primer ARF1-T.F (5-AGCTCGAGGCAT
caused by nph4 mutations in a HLS1-dependent man- CAATGCACCAAGG-3) and left border primer JMLB1 (5-GGCAATC
AGCTGTTGCCCGTCTCACTGGTG-3) were used to identify thener. These findings suggest that ethylene enhances the
T-DNA insertion in the ARF1 gene. Primers ARF1-T.F and ARF1-T.Rsensitivity of a redundant differential auxin response
(5-GCCACGGTGGTTGTTGGGACATATC-3) were used to identifysystem through HLS1 to compensate for the loss of
the wild-type ARF1 allele. Plants that contained the T-DNA insertion
NPH4/ARF7. In this case, HLS1 may directly activate allele but lacked wild-type ARF1 were homozygous arf1 mutants.
some other functionally redundant ARFs, or the negative Double and triple mutants/transgenic plants containing the arf1,
arf2, or hls1-1 alleles were identified using similar approaches.regulation of ARF2 by HLS1 may relieve the inhibition
Plants that carried pARF2::GUS:ARF2 or DR5::GUS transgenes wereof their functions.
generated by crossing the transgenic lines to various mutants. Po-In summary, we have identified an auxin-responsive
tential double and triple mutant plants were selected based on
transcription factor, ARF2, that acts downstream of kanamycin resistance conferred by the transgenic construct and
HLS1 in the differential growth. Our findings that both then were genotyped using the strategy described above.
ethylene and light modulate ARF2 levels through HLS1
Plasmid Constructsstrongly suggest that HLS1 plays a pivotal role in inte-
For complementation, a 3.3 kb full-length cDNA of ARF2 was clonedgrating these diverse signals in the formation, mainte-
into pKYLX7 plant transformation vector. To construct thenance, and opening of the apical hook. These findings
pARF2::GUS:ARF2 fusion, coding sequences of ARF2 gene were
provide a molecular link that connects ethylene and light fused with GUS, and the GUS:ARF2 fusion gene was cloned into
signaling to auxin-mediated differential cell elongation the pBI101 plant transformation vector (Clontech). A 4 kb genomic
fragment flanking the promoter region and the first exon of theprocesses.
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ARF2 gene was then fused with the GUS:ARF2 gene to create a reading of the manuscript. Transgenic seeds containing SAUR-AC1-
GUS and DR5-GUS were generously provided by Drs. P. Greentranslational fusion, and the construct was transformed into pBI101.
(Michigan State University) and T. Guilfoyle (University of Columbia-
Missouri). Polyclonal anti-CRY1 antibody was kindly provided byIn Situ RNA Hybridization
Dr. Chentao Lin (UCLA). We are grateful to Dr. Yinghui Mao (LudwigThree-day-old etiolated seedlings were used for in situ hybridization.
Institute for Cancer Research-UCSD) for the assistance in immu-For light treatment, 3-day-old etiolated seedlings were transferred
noblot analyses. We also thank the Salk Institute Genomic Analysisto white light for 4 additional days before they were fixed. In situ
Laboratory for the full-length ARF2 cDNA clone and the T-DNAhybridization of seedling tissues was performed as previously de-
insertion mutant arf1. This work was supported by a grant fromscribed (Di Laurenzio et al., 1996). The C-terminal half of the ARF2
the Department of Energy (DE-FG03-00 ER15113) to J.R.E. and acDNA, which excludes the sequences corresponding to the con-
National Institutes of Health fellowship to H.L.served DNA binding domain of the ARFs, was used to generate
antisense riboprobes for the tissue hybridization. RNA probes gen-
erated from empty pBluescript KS vector were used as negative Received: January 26, 2004
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GUS staining of seedlings was performed as previously described
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